Experimental evolution (EE) is a powerful tool for addressing how environmental factors 16 influence life-history evolution. While in nature different selection pressures experienced across 17 the lifespan shape life histories, EE studies typically apply selection pressures one at a time. Here 18 we assess the consequences of adaptation to three different developmental diets in combination 19 with classical selection for early or late reproduction in the fruit fly Drosophila melanogaster.
Introduction

32
One of the central tenets of life-history evolution is that individuals cannot simultaneously 33 optimize all fitness-related traits due to constraints (Roff, 1992 , Roff, 2001 , Stearns, 1992 . selection on increased age at reproduction). However, in nature individuals will need to cope 71 with multiple, potentially conflicting selection pressures (e.g. Lankau, 2007, Tarwater & 72 Beissinger, 2013) experienced at different stages across the lifespan. Thus, they must balance the 73 relative costs and benefits of adaptation and resource allocation made at one life stage with those 74 at other stages (reviewed in Schluter et al., 1991) . Indeed, EE studies applying more than one 75 selection pressure within a single life stage reveal that the responses to multiple selection 76 pressures tend to be interdependent (Davidowitz et al., 2016 , Bochdanovits & Jong, 2003 ), yet 77 also -despite constraining correlations among traits -there is potential for independent 78 evolutionary change (Beldade & Brakefield, 2002 , Frankino et al., 2005 . To date, however, 79 there has been little emphasis on how multiple selection pressures influence life histories as a 80 whole. In particular, to the best of our knowledge, no study to date has combined two selection 81 regimes experienced at different stages across an organism's lifespan.
83
Here we combine variation in available nutrition during development with classical selection for 84 early or late reproduction during adulthood in a single fully-factorial EE design, using the fruit 85 fly, Drosophila melanogaster (Fig. 1a ). Empirical work suggests that the two selection regimes 86 might exert opposing selection pressures, which will have to be integrated into the life history.
87
For example, adaptation to a poor quality diet generally selects for faster development coupled 88 with smaller adult size and decreased fecundity (Bochdanovits & Jong, 2003 , Kolss et al., 2009 ), 89 whereas longer lifespan (the typical response to selection on increased age at reproduction) is 90 generally correlated with longer developmental time and larger size (Lints, 1978 , Economos, 91 1980 , Promislow, 1993 , Khazaeli et al., 2005 , but see Zwaan et al., 1991) .
93
Our experimental design allows us to address several fundamental problems, including the 94 question of whether adaptation to environmental variation in each stage occurs independently.
95
For example, will a lower calorie developmental diet constrain the ability to extend lifespan in 96 response to selection on age at reproduction, or will lifespan extension be achieved at the 97 expense of other traits? To address this issue we assess the evolutionary responses of several life-7 The day before populations reached their respective ages at reproduction, 1/16 of a teaspoon of 151 dry yeast (Fermipan Red Instant dry bakers yeast) was added to each bottle to stimulate females 152 to lay eggs. The following day females were transferred to fresh bottles containing their 153 evolutionary larval diets and allowed to lay eggs. A test-tube cap containing dry yeast mixed 154 with water was suspended in the bottle and removed when egg laying was complete so as not to 155 modify yeast levels in the developmental diet. To control egg densities, bottles were visually 
160
Assessing changes in life history traits over the course of evolution
161
We measured four key life-history traits: egg-to-adult development time, mated female fecundity, 162 mated lifespan and adult wet weight. We assayed these traits across eight independent 163 phenotyping sessions, ranging from the beginning of EE up to generations 38 and 19 for E and L 164 lines, respectively. Figure 1d provides an overview of each phenotyping session (P1-P8),
165
including the elapsed generations of EE, the lines included, the traits measured, and the larval 166 conditions under which flies were raised (i.e., assay environment). We deliberately chose larval 167 diets that had negligible effects on larval survival to avoid population bottlenecks and strong 168 viability selection. Larval survival ranged from 80-95% across evolutionary larval diets and 169 assay conditions in all but one phenotyping session ( Supplementary Figure 1) and did not show 170 any systematic variation across selection regimes (Table 2 and Supplementary Figure 1 ), 171 suggesting that larval survival was not under selection.
173
Whenever possible we measured the responses to selection in all lines and used all three larval 174 assay diets. However, the scale of our design imposed some logistical constraints. In some 175 phenotyping sessions, we monitored the progress of adaptation on the 1.0 larval assay diet only, 176 while in others we raised larvae on all three diets. In all cases, we first allowed lines to develop 8 for one generation on the 1.0 diet to avoid potential maternal effects. Larvae developed at a 178 density of 70 eggs per vial, with 6 mL of food per vial. For each line, eggs were collected from 179 petridishes and randomized across assay diets. 
202
Eggs were allowed to develop to adulthood and emerging adults were counted to score fecundity. , 2015) . Weight was analyzed using a linear mixed-effects 229 model with a normal distribution. In the statistical tables (see below), we report the 2 values of the 230 effect of each factor in the full model as obtained by Analysis of Deviance (car package; Fox & 10 significant terms from the model and using a 2 test to compare models. To control for multiple 233 comparisons we applied the sequential Holm-Bonferroni correction method to each fitted model 234 (Holm, 1979) 
269
Selection on age at reproduction increases lifespan across dietary selection regimes
270
We found that selection for increased age at reproduction increased lifespan in all lines and 271 across all assay diets ( Fig. 4 ; all p-values <0.03). However, the magnitude of the effect was 272 dependent on sex and the evolutionary dietary regime for 0.25 lines and evolutionary dietary 273 regime and assay diet for 2.5 lines, suggesting that adaptation to different levels of laerval 274 acquisition can modify the response to selection on lifespan (Table 3) .
276
For the 0.25-E and 0.25-L lines males and females had inverse responses to selection relative to 277 the 1-E and 1-L lines (Table 3 ; Fig. 4a,b ). In females, the lifespan of the 0.25-L lines was 278 indistinguishable from that of 1-L lines (p=0.94), but 0.25-E lines had greater lifespans relative to 279 the 1-E lines (p<0.0001) (Fig. 4a ). In males, the exact inverse response was observed: while the 280 0.25-E and 1-E lines had similar lifespans (p=0.96), the lifespan extension of 0.25-L lines was 281 less than that of the 1-L lines (p=0.01; Fig. 4b ). These effects were consistent across both the 282 0.25 and 1.0 assay diets.
284
For the 2.5-E and 2.5-L lines, lifespan evolved in a similar manner in both sexes, but was 285 dependent on assay diet (Table 3 and Figure 4c,d) . Under 0.25 and 1.0 assay conditions, the 12 lifespan of the 2.5L lines did not differ from the 1-L lines (add p-value for both sexes), however, 287 under 2.5 assay conditions 2.5-L flies evolved significantly shorter lifespans than 1-L lines in 288 males (p=0.002, Fig. 4d ) and nearly significantly shorter lifespans in females (p=0.08, Fig. 4c ).
289
The 2.5E lines showed an inverse pattern: lifespan on the 0.25 and 1.0 assay diets was generally 290 higher for 1-E lines than for 2.5-E lines, whereas males and females of the 2.5-E lines outlived 1-291 E flies on the 2.5 assay diet ( Fig. 4c,d ; Males: on 0.25 and 1.0 diet 1-E>2.5-E, p=0.003 and 292 0.004, respectively; under 2.5 assay conditions 1-E=2.5-E, p=0.66. Females: on 0.25 assay diet 293 1-E=2.5-E, p=0.42; on 1.0 assay diet 1-E>2.5-E lines, p=0.02; and under 2.5 assay diet 1-E<2.5-294 E lines, p=0.01).
295
Fecundity is highly variable across phenotyping sessions
296
Because it was not possible to measure lifespan and fecundity for all lines at the same time, we 297 used the 1-E and 1-L lines as a standard across the two replicate phenotyping sessions (see 298 Materials and Methods) . For mated fecundity, the plastic response of the 1-E lines to assay diet 299 differed between the two phenotyping sessions (Table 2, Fig. 5 ). In the first phenotyping (P7) 1-300 E flies raised on the 0.25 assay diet had lower fecundity than those raised on the 1.0 assay diet at 301 all three ages ( Fig. 5a-c; all p-values<0.001). In the second assay (P8), the same effect was 302 observed at early and post-selection ages (all p-values<0.001), but reversed at the late 303 reproduction time point (p<0.001; Fig 5d, f) . Furthermore, the difference between the 1-E and 1-304 L lines on the 1.0 assay diet was also inconsistent between assays P7 and P8 (Fig. 6) . In P7 the E 305 lines reproduced more than the L lines at the "Mid" time point and less at the "Late" time point, 306 while in P8 the opposite pattern was observed (Fig.6 , both p-values <0.003). Thus, while the 307 GLMM's indicated that fecundity at all ages was affected by interactions between diet regime, 308 age at reproduction regime, and assay conditions (Table 4) , the lack of consistency of the 1-E and 309 1-L lines hampers the interpretation of the evolutionary significance of these effects.
311
Adult weight
Adult weight evolved in response to the selection regimes in a sex-and age-dependent manner 313 ( Fig. 7a-d) . The largest effects of the EE regimes occurred in young flies (4-5-days post-314 eclosion): in both sexes adaptation to later ages-at-reproduction led to larger adult size (Females: 315 F1,24=8.4, p =0.01; Fig. 7a ; Males: F1,24=43.7, p=<0.0001; Fig.7b ), and adaptation to the 0.25 316 larval diet decreased adult weight relative to 1.0 and 2.5 adapted lines (Females:F2,24=10.9, p 317 =0.001; Fig. 7a ; Males: F2,24=29.6, p=<0.0001; Fig.7b ; all pair-wise p-values <0.01). In females, 318 there was a marginal interaction between age at reproduction and evolutionary dietary regime 319 (F2,24=2.7, p =0.09, Fig. 7a ). While the 0.25-L and 1-L lines both evolved increased weights 320 relative to the 0.25-E and 1-E lines, the weight of the 2.5-E and 2.5-L lines did not differ (2.5-L = 321 2.5-E, p=1.0). At 18-19 days post-eclosion the effects of evolutionary regime became much 322 smaller and differed between the sexes. In males, the effect of EE regime was largely absent, 323 except in 0.25-E lines, which continued to weigh less than all other lines (all pairwise p-values 324 <0.003; Fig. 7d ), while in females, only evolutionary dietary regime remained significant 325 (F2,24=9.1, p=0.001, Fig. 7c) , with weight increasing with increasing evolutionary larval diet (all 326 pairwise p-values <0.05). We also found large effects that were independent of the evolutionary 327 regimes: males weighed less than females (Sex: F1,936=11644, p=<0.0001) and, while females 328 gained weight with age, males tended to lose or maintain the same weight (Sex x Age: 329 F1,936=314.3, p=<0.0001; Fig.7 ).
331
Discussion
332
How different selection pressures interact to affect life-history adaptation is an unresolved 333 question. By utilizing the combined strength of extensive replication, multiple assay 334 environments, and assessment of evolution across multiple generations we were able to 335 discriminate between transient and consistent effects of adaptation to larval diet and age at 336 reproduction. We discuss our main findings in the light of theoretical predictions and previous 337 work.
previous, univariate studies. That is, adaptation to increased age at reproduction increased 342 lifespan across all evolutionary dietary regimes and in both sexes (Luckinbill et al., 1984 , Rose, 343 1984 , Partridge & Fowler, 1992 , while selection on the 0.25 larval diet resulted in faster 344 development (Fig. 3b,e ), decreased adult weight (Fig. 7) , and potentially lower fecundity (Fig.5a-345 c), again, in keeping with previous univariate selection experiments (Kristensen et al., 2010, 346 Kolss et al., 2009 ). However, in both cases, we found that the addition of a second regime 347 modified the magnitude of the responses. Thus the extent of the increase in lifespan imposed by 348 selection for later age at reproduction was dependent on dietary regime (Fig. 4) (Leroi et al., 1994b) . However, we observed strongly significant effects of both age at 358 reproduction and evolutionary dietary regime in both phenotyping sessions (Table 4) . For 359 example, 0.25-E lines appeared to have decreased fecundity relative to 0.25-L, 1-E and 1-L lines 360 at all ages (Fig. 5a-c) , a response that is consistent with their lower body weight and faster 361 development (Fig. 3b,e and Fig. 7) . Given the large replication of our design (i.e., independent 362 replicate populations per EE treatment) it is plausible that these responses represent adaptive 363 responses to poor nutrition.
365
However, what hampers firm conclusions about fecundity are the inconsistent phenotypes of the 366 1.0 line females across the P7 and P8 sessions (Fig. 6) . The slightly different assay conditions between the two phenotyping sessions (one male and one female per vial in P7 vs. two females 368 and two males per vial in P8) present one potential cause as females are known to adjust their 369 fecundity based on density (e.g. Barker, 1973;  this study compares the difference between vial 370 densities of 5 and 50 females or more). Slight changes in environmental conditions (e.g., note the 371 considerably faster development in P8 relative to P7; Fig. 2 
376
In many studies body size correlates positively with developmental time, lifespan, and fecundity 377 (see above and Robertson, 1957 , Hillesheim & Stearns, 1992 , Honěk, 1993 , Zwaan et al., 1995 378 Prasad et al., 2001) . Our results also showed such correlations; for instance, selection for late life 379 reproduction extended lifespan and increased adult weight for males and females alike. However, 380 these correlations are unlikely to constrain the evolution of the life history adaptations, but will 381 rather modulate them. For instance, while selection for late reproduction consistently increased 382 lifespan for the 0.25 lines, these lines also sped up their development and reduced their weight 383 relative to the 1 and 2.5 lines. Furthermore, the fact that the differences in body weight between 384 early and late life populations were large in early life, but disappeared later in life (at the time of 385 actual selection for the late lines) for 1 and 2.5 but not 0.25 lines (Fig. 7) , suggests that body size 386 evolved for a different reason in these lines relative to the 0.25 lines. For instance, increased 387 body size as a response to late life reproduction in the 0.25 lines may serve to increase fecundity 388 in the face of decreased adult weight as an adaptive response to the larval nutritional condition, 389 while in the 1 and 2.5 lines increased body size it may be related to increasing lifespan.
391
Conclusions
392
Our results suggests that adaptation during one life stage may be contingent on the selection 393 pressures experienced in other stages, and that adaptation to two different selection pressures can lead to different life history strategies to those found when adapting to only one selection 395 pressure at a time. In particular, the dependence of lifespan extension on evolutionary 396 developmental diet suggests that developmental acquisition can be an important factor 397 influencing longevity. While there is still relatively little empirical work on adaptation to 398 multiple or opposing selection pressures (but see: Lankau, 2007 , Tarwater & Beissinger, 2013 , 399 their prevalence in nature means that a better understanding can further our understanding of 400 evolution under natural conditions (reviewed in Schluter et al., 1991) . Indeed, the idea that 401 opposing selection pressures constrain trait evolution is one of the hypotheses put forward to 402 explain why, despite strong consistent directional selection on many traits, there is often little 403 change in trait means across generations in natural populations (Merilä et al., 2001 , Kingsolver & 404 Diamond, 2011 , Siepielski et al., 2011 . Given that multiple selection pressures are likely the 405 norm rather than the exception in nature, our findings suggest that trade-offs should be 406 considered not only between traits within an organism, but also between adaptive responses to 407 differing selection pressures. 
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Starvation resistance and longevity in Drosophila melanogaster in relation to pre-adult 531 breeding conditions. Heredity 66: 29-39. 0 assay diet (a,d), the 0.25 assay diet (b,e) and the 2.5 assay diet (c,f). (a-c) to the mean of the 1-E lines. Each point represents taking the mean and standard error of the 589 average developmental time for each of the four lines. 590 591 Figure 4. Lifespan (y-axis) across assay diets (x-axis) and phenotyping sessions P7 (a, b) and 592 P8 (c, d) for females (a, c) and males (b, d) . Lifespan is expressed as days from adult Figure 8 
